SUMMARY These studies evaluated the role of the nucleus ambiguus in regulating heart rate and cardiovascular activity. Three days after lesion of the nucleus ambiguus, arterial pressure and heart rate were unchanged; however, subsequent sinoaortic deafferentation produced a significantly greater increase of pressure (156 ± 4 vs 124 ± 6 mm Hg) compared to sham lesion. In both groups the heart rate was increased after deafferentation and the intrinsic heart rate (rate seen after autonomic blockade with atropine and propranolol) was significantly reduced. When the sequence was reversed (deafferentation before lesion), pressure (126 ± 6 vs 126 ± 7 mm Hg) and heart rate (334 ± 17 and 340 ± 16 beats/min) were not altered; however, intrinsic rate fell more. When the nucleus ambiguus was stimulated electrically, two responses emerged: increased pressure without rate changes and increased pressure with bradycardia. These data indicate that 1) lesion of the nucleus ambiguus facilitates hypertension produced by sinoaortic deafferentation unless lesioning follows deafferentation; and 2) stimulation of the nucleus ambiguus produces a pressor effect that is independent of the bradycardic response. We conclude that the nucleus ambiguus may be related to autonomic control of both heart rate and arterial pressure. 1 " 6 The nucleus ambiguus (NA) is one secondary projection site of the baroreceptor reflex arc, which receives projections from the nucleus tractus solitarii.
N
EUROGENIC hypertension produced by sinoaortic deafferentation (SAD) results in part from removal of the tonic inhibitory influence on the sympathoexcitatory centers of the brain. SAD produces an increase in the lability of arterial pressure (AP) with or without an increase in mean arterial pressure (MAP).
1 " 6 The nucleus ambiguus (NA) is one secondary projection site of the baroreceptor reflex arc, which receives projections from the nucleus tractus solitarii. 7 This vagal cardioinhibitory area is an important component of circulatory adjustments to changes in AP, but its anatomical and physiological interrelationships in the central nervous system are not completely understood. In studies on the mechanisms regulating control of intrinsic heart rate (IHR) 8 we observed unexpected facilitation of the increase of AP after SAD in rats with previous lesion of NA. This observation prompted us to study the role of this area in central regulation of heart rate (HR) and AP.
Materials and Methods
Male Sprague-Dawley rats (Biolab, St. Paul, MN, USA) weighing 250 to 300 g were used. Direct AP in conscious rats was measured by means of a cannula (PE-10 connected to PE-50, Clay Adams, Parsippany, NJ, USA) inserted into the abdominal aorta through the femoral artery; another cannula was inserted into the femoral vein for administration of drugs. These procedures were carried out under anesthesia with ketamine (120 mg/kg) and acepromazine maleate (12 mg/kg) 24 hours before the recording session. The arterial line was connected to a Century CP-01 (Century, Inglewood, CA, USA) and a Beckman recorder (Model R611, Beckman Instruments, Fullerton, CA, USA), and the HR was derived from the arterial pulse with a Beckman 9857B cardiotachometer. MR (i.e., the rate remaining after removal of adrenergic and cholinergic influences) was obtained using sequential autonomic blockade with methylatropine (1 mg/kg) and propranolol (1 mg/kg).
SAD was performed according to the technique described by Krieger.
1 Rats with bradycardia below 24 beats/min in response to a 50-mm Hg increase in MAP produced by injection of phenylephrine (3-^5 /xg/kg) were considered to have adequate SAD.
Lesions of NA were created after anesthetization with ketamine and acepromazine. Monopolar tungsten electrodes (tip diameter, 50 /xm) were placed bilaterally in the rostral NA according to the coordinates of Paxinos and Watson. 9 Lesions were made using DC anodal current of 0.5 mA for 5 to 7 seconds delivered by a Grass stimulator (Quincy, MA, USA) through a Grass constant-current unit. Bilateral sham lesions of NA were made similarly without passing current.
Electrical stimulation of NA was performed 3 days after SAD or sham deafferentation with the rats under urethane anesthesia (1 g/kg). Unilateral stimulation of the right NA region was performed 0.6, 0.4, 0.2, and 0.0 mm dorsal to the interaural line. The duration of each pulse was 0.5 msec and the stimulus was maintained for 10 seconds. The AP and HR responses to graded increases in intensity of current were studied with the frequency fixed at 100 Hz, and the responses to increases of frequency (10-500 Hz) were studied with the current fixed at 200 pi A.
At end of the experiments the anesthetized rats were killed by intracardiac perfusion with saline followed by 10% buffered formalin. The brains were removed and stored in buffered formalin for 2 days, and serial frozen transverse sections at 40 fim were cut and stained using the cresyl violet method. The extent of the lesions was mapped using comparisons of the sections with a stereotaxic atlas. 9 An unpaired Student's t test was used to compare the groups, with ap level below 0.05 indicating statistical significance for all tests.
Results

Lesion of the Nucleus Ambiguus
Rats submitted to lesion of the NA (LNA) and studied 3 days later showed no significant changes in AP (111 ± 2 vs 110 ± 2 mm Hg) or HR (338 ± 11 vs 315 ± 3 beats/min), but the IHR was significantly reduced (302 ± 10 vs 361 ± 8 beats/min) compared with rats that underwent sham lesion. The same group were submitted to SAD and studied 3 days later. As shown in Figure 1 , rats with previous LNA had an additional significant increase in MAP compared with the sham-lesioned group receiving SAD. In contrast, both groups experienced a similar increase in HR and fall in IHR. After atropine, no significant changes in HR (or AP) occurred in either group. Propranolol unmasked similar significant falls in IHR in both groups.
Two groups of rats studied 3 days after SAD exhibited no differences in MAP (132 ± 4 vs 123 ± 8 mm Hg), HR (393 ± 23 vs 368 ± 13 beats/min), and IHR (321 ± 10 vs 310 ± 8 beats/min). These groups were then submitted to LNA and sham LNA and studied 3 days later. As shown in Figure 2 , LNA performed after SAD did not induce significant changes in MAP and HR but did produce an additional significant fall in IHR. After atropine, the increase of HR in rats with LNA was smaller than in rats with sham LNA, whereas after propranolol the fall in HR was larger than that in rats with sham LNA.
A summary of the sites of the lesions is shown in Figure 3 . The figure, based on overlap analysis of all lesions in the NA, shows that the common lesion site was centered on the ventral part of rostral NA.
Electrical Stimulation of the Nucleus Ambiguus
Electrical stimulation of NA in SAD and shamoperated rats was performed 3 days after surgery. As shown in the left panel of Figure 4 , AP was increased at currents between 25 and 200 fiA, and the responses were similar in both groups. In contrast, the reductions in HR were significantly smaller in SAD rats at the different currents studied.
When the current was fixed at 200 /u,A and frequency was varied between 10 and 500 Hz, the biggest increase in AP occurred between 50 and 200 Hz in both sham and SAD groups, whereas the biggest reduction in HR occurred between 100 and 200 Hz. We observed again that less bradycardia was found in SAD compared to sham-operated rats (see Figure 4 , right panel).
Discussion
In previous studies' we observed that IHR appears to be influenced by autonomic tone and is reduced by either an increase of sympathetic activity, found in rats with SAD, or by decreased parasympathetic activity, seen in rats with LNA. When LNA was combined with subsequent SAD, no additional changes in IHR oc- Inhibition of cardiac function mediated through efferent vagal pathways is an important component of cardiovascular adjustments. 10 The possibility that central sites from which vagal projections originate may also have interrelationships with the control of sympathetic outflow has not been examined. Rats studied 3 days after LNA showed no change in AP or HR, indicating that removal of a possible inhibitory influence of this area on sympathoexcitatory systems is not sufficient by itself to increase AP. When these rats were submitted to SAD, however, they showed a significantly greater increase in AP compared to rats with sham LNA. The NA is anatomically close to the rostral ventrolateral medulla and the most active pressor region in the ventrolateral medulla corresponds to the location of Cl epinephrine-synthesizing neurons. The Cl area exerts a tonic excitatory influence on sympathetic vasomotor fibers and is also under tonic inhibitory control, presumably through projections from the nucleus tractus solitarii."
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Although it is unclear why LNA after SAD failed to increase AP, we can suggest several potential explanations. Changes in the activity of neurotransmitters in different areas of brainstem during the development of neurogenic hypertension, as observed by Nakamura and Nakamura, 12 could possibly contribute to absence of influence of NA on AP in rats with existing SAD. If the potentiated pressor response required the integrity of a specific neurotransmitter system between the nucleus tractus solitarii and the NA, whose level of activity was altered several days after SAD, the subsequent LNA might have no effect.
Alternatively, the acute versus chronic effects of SAD on sympathetic discharge must be considered. Immediately after SAD, sympathetic discharge is greatly enhanced. Previous studies from our laboratory showed that several days after SAD, neurogenic vasomotor tone (and thus presumably sympathetic activity) remains high but AP has begun to return to normotensive levels. 6 Under such conditions it might be difficult to produce a further neurogenically mediated augmentation of AP. Injection of atropine in SAD rats also does not induce an increase in AP, showing that removal of parasympathetic tone peripherally is not sufficient to produce an additional increase of AP.
In relation to HR, previous studies showed that the majority of preganglionic parasympathetic fibers that terminate in the heart originate from the NA and neurons just ventral to it, 13 and that stimulation of this area slows the heart. 7 ' 14 When we stimulated the rostral part of NA through a range of dorsal to ventral sites, two patterns of response emerged: 1) increased AP without changes in HR and 2) increased AP and bradycardia. Bradycardia was obtained from the ventral part of NA just above the C1 area in the rostral ventrolateral medulla. In all rats, bradycardia was observed before AP increased, ruling out the possibility of reflex slowing. In these experiments atropine abolished the bradycardia, but the increase of AP was maintained, suggesting that this area has an important role in autonomic balance for both the heart and the periphery. Increasing the current showed that a similar increase of AP occurred in both SAD and sham rats, but the bradycardia was significantly reduced in SAD rats.
The independent changes in AP and HR during electrical stimulation of NA suggest that this area may contain two different groups of neurons with differential sensitivity to electrical excitation. The absence of these neurons during the initial development of SADinduced neurogenic hypertension in rats could, by as yet unknown mechanisms, facilitate the enhanced increase of AP.
A key question is why removal of the NA, an area we found to be a pressor region, should enhance neurogenic hypertension. We can only suggest that the NA may possess inhibitory mechanisms that are not measured or expressed by recording only the AP and HR changes produced by electrical stimulation.
In summary, these data on development of neurogenic hypertension suggest an important role of the NA in AP regulation. We conclude that NA is involved not only in HR control but also in central regulation of AP through modulation of pressor systems associated with the baroreceptor reflex. It remains to be determined whether the interaction between NA-and SAD-induced neurogenic hypertension is the result of activation of humoral or neurogenic pressor mechanisms (or both).
